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XOJIO]J;HAH 3MHCCHH BOPA HA BOJih<I>PAME 
IT.A.OYHBH,T.A.~nEnMt 
OrnDeA rnexnoAoeuu: npoua6oacm6a nepa.Munu u HaY'f.Hbtil t~-eHmp ruccAeao6aHwi1 .~temaAA06 Y'HU6epcumema 
· Mu.ccypu-PoAAa, Po.ttAa, CiliA 
8MHCCHOHHa.R MHKpOCKOTIIIH HBJI.ReTCH Haii6oJiee IIO)l;XO)l;HIIJ.HM MeTO)J;OM )l;Jl.R 
ll3y"'IeHHH "'IIICTbiX MeTaJIJIH"'IeCKIIX TIOBepXHOCTeH II TaKHX npon;eCCOB, KaK a,n;-
cop6D;IIH, nonepxHoCTHaH AHlPlPY3IIH, aapmK,AeHIIe II poeT. TipeHMYIIJ.eCTBo :noro 
MeTo,Aa 3aKJIIO"IJaeTCH B TOM, "'ITO MHKpOCKOIIbl C CBepXBhlCOKHM BaKyyMOM p;aiOT 
B03MOlliHOCT:& DOJiy"'IeHHH II COXpaHeHIIH "IJIICThlX MeTaJIJIH"IJeCKIIX llOBepXHOCTeH 
B Te"IJeHIIe He06XO)J;HMOro )J;JIH SKCDepHl\leHTa BpeMeHII. llao6pa»mHIIe B SMHCCHOH-
HOM MIIKpOCKOIIe He TOJI:&KO "'IYBCTBIITCJI:&HO K TOHKIIJ\I DOKphlTIIHM MOHOCJIOH 
(Meiiee 1/100 IIOKpblTHH), HO C ero IIOMOIIJ.:&IO orrpe,AeJIHIOTCH TaKme ;a.aHHhle DO 
KpHCTaJIJIOrpaqmii, CBH3aHHI>Ie C rrpon;eCCOM II3MeHeHIIH B II306pameHHH. IlpH 
6oJiee TOJICThlX IIOKpbiTIIHX, Korp;a MOHOKpHCTaJIJI p;pyroro BeiiJ.eCTBa o6paayeTCH 
Ha DOBepXHOCTH OCTpHR: SMHTTepa, 3aMe"'IeHa KpiiCTaJIJIOrpaqm"'IeCKaR: CBH3:& 
aToro MaTepnaJia c MaTepnaJioM SMHTTepa. 
MexaHH3M, 6Jiarop;apR: KOTOpOMY SJieKTpOHbl BbiXO)l;HT H3 XOJIO)l;HbiX MeTaJI-
JIOB npH npliJIOrKeHHII CHJibHhlX SJieKTpH"'IeCKliX DO,ileH, CHJI:&HO OTJIH"IJaeTCH OT 
TepMOSJieKTpOHHOH :JMIICCIIII, KOrp;a SJieKTpOHbi :n:ueiOT )l;OCTaTO'IHO TeDJIOBOH 
sueprnn, "'IT06hl npeo)l;oJieT:& auepreTH'leCKHH 6apnep ua rpaunu;e paa;a;eJia 
MeTaJIJI - BaKyyM. <l>ayJiep li Hopp;XeHM [ 1] ODHCaJili KBaHT SMHCCHH MeXaHH-
"IJeCKH, KaK TYHI-IeJI:&HhlH rrepexo,n;, r,Ae IIOJII-IhlH IIOTOK SJieKTpOHOB, npoXO,IJ;HIIJ.liR 
no,n; ;a;eiicTBHeM TYHHeJinHoro alf>lf>eKTa -qepea 6ap1>ep ua suepreTH"'IecKoM yponue 
<l>epMH, orrpe,AeJIR:eTCR: lf>opMynoii: 
i = ~ wlf•p2 ex [- ~ (~)1/• q>a;.] 
23th (q> + W) q>'/• p 3 h2 eF • 
1 B uacToJm~ee BpeMJI pa6oTaeT B TexulP.J:eCKOM n;euTpe <<,D;meuepaJI MoTopc>>, ¥ oppeH, Mn1Jn-. 
rau, CiliA. 
TaR KaK F = KV/r, pa6oTa BhiXo,n;a <p MomeT 6I>ITb orrpe,n;eJieHa Ha rpaqmKa 
38BHCHMOCTH ln i/V2 OT i/V. 
Kor,n;a TaKoe o6'LHCHeHHe rrpHM8HH8TCH K rroJIHOMY rroToKy aJieKTpoHoB, 
IIpOXO,IJ;HIIJ;HX "118p83 CHJibliO BhlrHyT08 OCTpHe 3MHTT8pa, paOOTa BhiXO,rt;a <l>ay-
Jiepa - Hop,n;xeiiMa rroKaahmaeT cpe,n;Hee 3Ha"l!eHHe pa6oTLI Bnixo,n;a rroBepxnocTH 
IIOJiyKpyrJioro OCTpHH ::IMHTTepa, COCTOHIIJ;ero H3 pa3JIH"'liHhiX KpHCT8JIJIOrpaqlli"118-
CKHX rpaHeH. IJJIOCKOCTH C BhiCOKHMH HH,IJ;8KC8MH HBJIHIOTCH H8HOOJI88 CHJibHO 
H3JIY"IJ8IOIIJ;HMH OOJI8CTHl\IH OCTpHH, IIO::ITOMY <<cpe,rt;HHH paOOTa BhiXO,rt;a>>, Orrpe,n;e-
JI8HH8H ::ITHM M8TO;tl;OM, CKOpee OTHOCIITCH K IIJIOCKOCTHM C BhiCOKHMH HH,Il;8KC8MH. 
Pa3Jili"IIH8 B OCHOBHbTX rrpOIWCCaX, npoHCXO,rt;HIIJ;HX npH XOJIO;t:J;HOH II T8pM0-
3J18KTpOHHOH ::IMHCCHH, 38CT8BHJIO H8KOTOphlX aBTOpOB HCCJI8,IJ;OB8Tb ;t:J;H8TI830Hhl 
rrpHMeHHMOCTH TpaKTOBKH <l>ayJiepa - Hop,n;xeiiMa ,rt;JIH pa6oThl Bhlxo,n;a H 
cpaBHHTb HX, B "1!8CTHOCTH, CpaBHHTb H3M8H8HHH paOOThl BbiXO,rt;a, Bhl3B8HHhl8 
H80,IJ;HH8KOBRMH X8MOCOp0HpOB8HHhlMH rpyrrnaMII. 
lf3MEHEHIIH B PABOTE BhiXO,[J;A, Bhi3BAHHhiE A,[J;COPBUIIE:R 
,I(Hmi{ITOTIOJIOC II JleBaiiH [2] IIORa3aJIII, "liTO paapa6oTaHHaH HMH MO;tl;8Jib 
XOpOlliO OIIHChlBaeT II3M8H8HHH 3RCII8pHM8HT8JibHOii T8pM03JI8RTpOHHO:ii paOOThl 
BMXO,rt;a TyrorrJiaBKHX M8T8JIJIOB, TIOKpblThlX l{lpaKlJ;HOHHhiMH 3JI8KTpODOJIOiRII-
T8JibHbll\UI MeTaJIJIH"II8CKHMH riJieHKaMH. 3Ta Mo,rt;eJin o6'LHCHHeT HaMeHeHHH B pa-
6oTe BbJXO,rt;a, HH)l;YIJ;HpOB8IIHhie a,n;cop6aTOM, RaK CYMMY 3JI8RTpOIIOJIO:fRHT8Jib-
HOro 6apnepa H )l;IIIIOJlhHoro 6apnepa. Mo,n;eJin Monmo BhipaaHTb cJie,n;yrom;HM 
o6paaoM: 
<p (8) = e (8) + d (8) = 'PI+ ('I'm- 'PI) G (8) + [ 
80 
-8G(8)c;/j M o 
( 1 + 9r:tc;j"f· 03/ 2 ) 
4:rtBo J 
r,n;e 8 - TIOKpnlTH8 B MOHOCJIOHX; {j)f - paOOTa BbiXO,rt;a 8,ll;COp0aTa; <pm - pa6oTa 
B~>Ixo,n;a MeTaJIJIH"IIeCRoii no,n;JiomRH; G (8) = 1 - 382 + 283 ; a 1 - "IIHCJIO a,n;-
cop6IJ;HOHHhlX Y3JIOB B O,Il;HOM MOHOKpHCT8JIJie; a - TIOJIHpH3Y8MOCTb MOJI8RYJI 
a,n;cop6aTa-no,n;JiomKH; M 0 - ,n;IInoJinHLI:ii MOM8HT no,n;JiomKH-a,n;cop6aTa. 
BI,IJIH C)l;eJiaHhl CJie,n;ymm;IIe ,n;onym;eHHH: 
1) a,n;cop6IIpoBaHHT>Te aTOMhi O)l;Hopo,n;no pacn pep;eJIHJOTCH na no)l;Jionme; 
2) BO Bp8MH a,n;copOD;Hll 118 llpOIICXO,lJ;IIT nepecTpOHim IIOB8pXHOCTH; 3) 3JI8RTpO-
OTpHD;aTeJibHOCTb rpaiiHIJ;f>I paa,rt;eJia HenpepniBHO li3M8HH8TCH BO Bp8MH ap;cop6-
IJ;IUI rrepBoro MOHOCJIOH; 4) IJ;8HTp THiR8CTll TO"II8"tJHOro ,IJ;IIHOJIH Jl8rRHT B TIJIOCKOCTH 
TIOB8pXHOCTH; 5) paOOTa BhlXO,rt;a KaK TIO,IJ;JIOiRKH, Tal{ II R.LJ;COpOaTa HBJIH8TCH 
JIHH8HHO:ii l{lyiiKIJ;ll8:ii OTHOCHT8JibHOH 3JI8RTpOOTpHIJ;aT8JibHOCTH BXO,ll;HID;HX B MO-
JI8RyJiy aTOMOB; 6) MYJibTHCJIO:ii He o6paayeTCH ,ll;O T8X TIOp, DORa He 3aROH"IIliT-
CH o6pa30BaHH8 MOHOCJIOH. 
3Ta MO,l1;8Jib XOpomo OTIIIChlBaeT H3M8H8HIIH, 00YCJIOBJI8HHhl8 a,n;copOaTOM 
Dpll II3M8p8HHH M8TO,IJ;OM ::IMHCCHII [3]. 3Ta MO,II;8Jib TaKme npiiM8HliMa ,Il;JIH a,LJ;-
COpOaTOB, ROTOpbie ,n;aiOT TIOJIOiRHT8Jibllhi8 H3M8H8HHH B paOOT8 BhlXOp;a. 3HaK 
pa3HOCTII Mem,n;y 3J18KTp00TpHIJ;aT8JibHOCTbiO TIO,II;JIOfRRH H a,n;copOaTa onpep;8JIH8T 
yBeJIII"IIenHe HJIH yMeHnrueHHe nepBoHa"tJaJILHoii pa6oThl Bnixo;n;a, Ror,n;a a,n;cop-
6HpoBaHHoe Bem;ecTBo Ha"tJHHaeT noKphlBaTn noBepxHOCTL. BeJili"IIHHa paaHOCTH 
3JI8RTpOOTpHIJ;aTeJibHOCTH 0Dp8)1;8JIH8T nepBOHa"tJaJILHYIO CT8TI8Hb H3M8H8HHSI. 
1\am,LJ;hlH a;n;copo:n:poBaHHhlH BH,ll; oopaayeT ,ll;HTIOJib H BHOCHT BKJia,n; B ,ll;BOHHOH 
CJIOH. 3TOT ,ll;BOHHOH CJIOH coa,n;aeT <<Oapnep 8JI8KTpOOTpHIJ;aTeJinHOCTH>>, KOTOpLIH 
B 3aBHCHMOCTH OT 8HaKa pa3HOCTH 8JI8KTpOOTp:UIJ;aTeJibHOCT8H yMeHnmaeT HJIH 
YB8JIII'I:n:BaeT aJieKTpOHHYIO aM:n:ccHro, TeM caMhlM yBeJIH"tJ:HBaSI :nJI:o: yMeHnmaSI 
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2¢1jle:RTJIBHYIO pa6oTy BhiXo,n;a. Ror,n;a Ha nonepxHoCTJI IIMeeTcH ,n;ocTaTOl:JHO 
a,n;cop6llpOBaHHhiX aTOMOB, ,IJ;liiTOJIJI Hal:JIIHaiOT B3aHl\W,IJ;eHCTBOBaTh. ,Il;HITOJlhHOe 
naanMo,n;eiicTBIIe yMeHhmaeT aljlljleKT 6ap1>epa aJieinpooTpnn;aTeJihHOCTH, coa,n;anan 
3KCTpeMyMhl B 3aBHCHMOCTJI pa60Tbl BhiXO,IJ;a OT ITOKpbiTIIH ITO,IJ;MOHOCJIOH. 
P ACllET MO,IJ;EJHI 
8KCITepHMeHTaJihHbie ,II;aHHhie cpaBHIIBaJIHCh C ,n;aHHbiMH MO,IJ;eJIH, paCCl:JHTaH-
HOH c noMOIIJ;hiO KOMIThiOTepa J BM 360-50, aanporpaMMnponanHoro ,n;JIH BhlllHC-
Jiennn cp (8) KaJR,II;OH ,n;eCHTOH llaCTII MOHOCJIOH OT 0 ,II;O 1 MOHOCJIOH. PaCCl:JHTaHO 
IIO 10 3HalleHHH pa60Thl BhiXO,II;a ,II;JIH 200 3Ha1JeHHH Ot C a;n;cop6HpoBaHHhiMH yaJia-
MH, paCITOJIOJReHHbiMII B O,IJ;HOM MOHOCJIOe. 3Ha1JeHIIH pa6oThl BhiXO,IJ;a B3HThl Ha 
ocnone aKcrrepiiMeHTaJibHhlX ,n;aHHhiX MnxaJibCoHa [4]. 3Ha1JeHHH 9JieKTpooTpn-
uaTeJihHOCTH B3HThl II3 ,n;aHHhlX rop;n;n H ToMaca [5]. 3HalleHHe a, IIOJI.Hpnaye-
MOCTh a;n;cop6aTa-IIO,II;JIOJRKH, BbllJHCJieHa IIpii HCITOJib30BaHHH KpHTepHH G -
L [2]. 
Puc. 1. 3aBHCMMOCTh pa6oThi BhiXop;a 
OT TOJIIIIHHhi TIOI{pbiTHH, a)J,COp6Hpo-
BHHHOrO Ha BOJih<jlpaMe 
a - ;a;.rut ~C31IH [7]; 
(j - HpCMIIIIH I~]; 
e - 6opa [B]; 
1 - TCOPCTII"'ICC!WH; 
2 - no CBCHCOHy; 
2'- no KoJIJHfHy; 
2"- no IOary 
~,3d ~------------------------~ 






,..-tr 00 v 
_, 
0 2" 
3/l fl. 'fO 
v 




~ _c p 0 1"\ 
0.80 I 
TaKHM o6paaoM, ,II;JIH KOJIHlJeCTBeHHoro npe;n;cKaaannn JI3MeHeHHH pa6oThi 
BbJxo;n;a ;r.J;JIH Kam;n;oro a;n;cop6eHTa no 9TOH cxeMe Heo6xo,n;HMo CJie;n;yiOIIJ;ee: 
1) o6IIJ;a.H <J>opMa cp (0) rpa<J>nKa ,n;omm1a naxo;n;HTbCH B npe;n;eJiax norpem-
IIOCTH, YCTaHOBJieHHOH 9KCnepHMeHTaJibHO; 
2) BeJIHlJHHa 9KCTpeMyMa pa60Tbl BbiXOJJ,a, npe;n;CKa3aiiHaH MO)l;eJihiO, ,II;OJI-
aiHa COrJiaCOBhlBaThCH C 9KCnepiiMeHTaJibHO H3MepeHHOH BeJIHlJIIHOH B npe;n;eJiaX 
~mcnepHMeHTaJibHOH norpemHOCTH; 
3) BhllJHCJieHHaH BeJIHlJHHa ITOKphlTIIH ,IJ;OJif!\Ha CorJiaCOBhlBaTbCH C TeopeTH-
'IeCRHM anallenneM HJIH naxo,n;HThCH B npe,n;eJiax norpemnocTeii, o6m;enpHHHThlX 
;IJ;JIH li3MepeHHJI TIOKphlTIIH. (IloKa3aHO, 'I!TO 3HalleHHe Ot 3MHTTepa MeHJieTCJI 
C H3MeHeHHeM pa,n;Hyca OCTpHH 9MHTTepa.) 
8TOT MeTO,IJ; HBJUieTCH nponepROH KOJIII"tl8CTBeHHOH OD;eHKJI npep;cRa3aHHOff 
MOp;eJIII. )J,onycKaH TOJibKO O,IJ;HY nepeMeHHYIO 0" t• 3TOT MeTO,ll; IIO,ll;TBepm.n;aeT 
cnpaBe,IJ;JIIIBOCTb MO,ll;8JIII. 
Ha piic. 1, a, 6 BII,ll;HO xopornee cooTBeTCTBHe Mo.n;eJIII c aKcnepiiMeHTaJibHI>TMII 
p;aHHLIMII, noJiy"lleHHhlMII Ha ocHone a:r.~ncciiOHHI>IX IICCJiep;onaHHii. Ha pnc. 1, a 
rrpep;cTanJieHI>I .n;aHHLre CnencoHa [7] ,IJ;JIH u;esiiH, ocam.n;eHHoro na BOJII><f>pal\re, 
llORa3biBaiOID;ll8 CHJibHOe YM8HbiiiCHIIe pa60Tbl Bl>IXO,IJ;a ,ll;O l\IHHlL\IaJibHOrO ero 
aua"lleHIIH npii 6 MOHOCJIOHX. Bhl"tiiiCJiennaH neJIII"t!Hna a 1 = 5,0 X 1014 amo~t!cM2 
corJiacyeTCH co anaqenHeM 4,98 X 1014 amoM/cM2 , coo6ru;eHHI>IM Cnencono:t\L 
Ha piic. 1, 6 npHne.n;enLI .n;anHLie I\oJIJIIInaa [8] ,IJ;JIH RpeMHHH, ocam.n;ennoro na 
BOJib<flpaMe, r.n;e pa6oTa BbiXOp;a yneJIIIqiiB88TCH ,IJ;O l\IaKCliM8JibiiOH BeJIH"tli:IHbl, 
TaK R8K 3H8R pa3HOCTII 3JieRTpOOTpiiD;8T8JibHOCTJI MC:lli,ll;Y IIO,IJ;JIOi+\KOH H ap;cop-
6aTOM MCHHeTCH. Ha piiC. 1, e llOK838Hbl pesyJibTaTbl HCCJiep;oBaHIIH XOJIO,ll;HOH 
aMHCCHII 6opa, ocam.n;emwro na BOJII><flpaMe, noJiyqenHbie HnroM [9]. HHr .n;aeT 
TeopeTIPieCKoe anaqenne 8,9 ·1014 amoM/cM2 ,rt;JIH cpe.n;nero noKpbiTIIH MonocJioa 
no nceMy ocTpHIO aMHTTepa. Hn I\oJIJIIIns, nn Hnr He coo6ru;nJin KOJIII"tleCTBeHHbiX 
p;aHHbiX 0 IIORpbiTliHX, HO 3H8"t!CHIIH, IIOJiyqeHHbie IIpii IICIIOJlb30B8HIIII MO,IJ;8JIII, 
BIIOJIHe IIpiiCl\fJI8MbT. 
TaRIIM o6paaoM, Mo.n;eJII> rrpep;cRa3MBaeT nn.n;yu;nponannLTe a.n;cop6u;neii 
Il3MCHCHIIH B pa6oTe BbiXop;a RaK IIOJIOmiiTCJibHbie, TaR II OTpln~aTeJII>Hbie, ,ll;JUI 
noKphlTHii rro.n;MouocJioH. MsMeuennH MoryT 6hlTI> npe.n;cKa3aHhl RaR n cJiyqae 
llpHMCH8HIIH l\feTO,IJ;a XOJIO,ll;HOH 3MHCCIIII, TaR 11 T8pM08JTCKTpOHHOi:'J 3MIICCIIII, ITC-
Cl\lOTpH Ha 3H8"t!IITCJibHhie pa3Jlll"t!IIH Mem,n;y HIIMII. 
3KCUEPHMEHTAnhHAH qACTb 
CnepxnbiCOKIIH BaKyyM, IIeo6xo,D;IIl\ILiii p;JUI IICCJie.n;onannii, 6hm cos.n;aii c no-
MOiu;hiO MaCJIHHoro .n;II<f><f>yaiiOIIHoro nacoca. PeayJII>TaThT, npep;cTaBJieiiiibie n na-
CTOHID;eii pa6oTe, 6hiJIII llOBTOpellhi ll03,IJ;Hee npn liCllOJib30BaHllli IIOHHOro H cy6-
.TJllM8IJ;IIOHHOrO nacoca. 
B o6eiix cncTeMax OTKa"t!RII .n;anJienne p;oCTHraJIO 2 x 10-10 mopp eru;e p;o 
naqaJia aKcnepiiMCHTa. K Tpy6Re aMIICCIIonnoro MHKpocKona npncoep;IIHHJiaCh 
H'IeiiKa H.'ny,n;cena, qepes KoTopym ocyru;ecTBJJHJiaCL nop;a-..m nyc1~a na ocTp:ne. 
CxeMa non:asana na p:nc. 2. liocJie ,n;eraaau;n:n cncTeMM n ,n;ocTini~eHIH.l naqaJib-
noro ,IJ;aBJICIJHH TOIIKOCTCHIIYIO H"<JCHKY J\uy,n;cena ll3 l\IC,ll;Il Cfi.;IL\IaJIII ,IJ;JIH Toro, 
"t!To6hi paspynUITb ImpeKconyro aMnyJiy, cop;epmmu;ym BI 3 BLtcmwii "t!HCTOThl. 
)J,JIH onpe.n;eJICHIIH TCMnepaTypi>I H"<JeMKY llOMCiu;a.Till B nauny C IIOCTOHHIIOM 
TeMnepaTypoii. IIoToK onpep;eJIHJIII no ypaniien:nm Xepn,a - Hny.n;cena. TeM-
nepaTypy Ha OCTpiie peryJIIIpOB8JIII 3JICKTpOIIHMM TOKOM OT IICTO"<JIHIKa lll1T8l1IIHt 
npOXO,ll;HIIJ;Cro qepe3 neTJIIO KaJIH6pOB8liHOH llO)l;CTaBKH. 
PE3YJibTATbl II OBCY1K,ll;EHIUI 
Bop, ocam.n;enHI>Iii MeTo.n;oM nanhJJICHHH Tpniio,n;II,n;a, pacnoJiaraeTCH Ha n3-
JioMax CTyneue:ii BOKpyr (110) llOJIIOCOB. J1pH ,ll;OCT8T01UIO HII3ROM TCMnepaType 
(,-.,800° C) KpiiCT8JJJILI paCTYT ITO OKpynmOCTII, C03,ll;aDaH IIHTCHCHBHOC HpKoe 
(110) <<KOJII>u;o>>. IIpe.n;noJiaraeTcH, 'ITO pacTyiD;:nii aapo.n;T,TIII npnniiMaeT <f!opMy 
TOppOH,ll;8JibHhlX cerMCHTOB TIOCJie TOro, KaK Oil 38MhlK8CTCH ,D;JIH TIOJIHOrO OTIH-
C8HHH noJiroca. IIpH p;aJII>HeiimeM pocTe u;enTpaJII>Hoe oTnepcTHe cmnMaeTCH ,n;o 
TCX nop, TIOKa OHO He <<3allOJIHHTCH>>; KpllCTaJI.ITHT npno6peTaeT c<flepH"tl8CKYIO 
cf>opMy (piic. 3). HpKIIe TIHTHa, o6paaonann~>Ie npH aapom.n;enHH n pocTe Kpn-
CTaJJJia, o6yCJIOBJICHbl YCHJICHHeM JIOK8JibiiOro TIOJIH BORpyr BbiCTyna C MeHI:.illiiM' 
H8 
pap,nycoM H3rii6a, -qeM Jiemam;ee HHme ocTpHe. BoJiee CHJibnoe JioKaJibHoe noJie 
·C03p,aeT YCHJieHHYIO SMHCCHIO OT STliX BhlCTYITOB. 
Ror,z:~;a o)J;nn clf>epn-qecKHii KpncTaJIJIHT BbipacTaeT na n;enTpaJibHOM (110) 
llOJIIOCe OCTpHH SMliTTepa, SMHCCliH C STOM o6JiaCTH HaCTOJibKO BeJIHKa, "liTO sa-
TeMHHeT SMHCCHIO C p,pyrnx y-qaCTKOB OCTpHH, KaK TIOKasaHO Ha pnc. 4. (hoT 
o6pa3eu; 6LIJI noJiy-qen B noToKe BI ~ npn cKopocTn 5 ·1012 .Mo.a/c.M} • cen B Te-qe-
nne 45 .MUT-t Ha "IIIICTOM BOJiblf>paMOBOM OCTpHe npH TeMnepaType 760° C. 
B cpep,neM ToJim;nna noKpbiTHH ocTpHH panna 15 MOHOCJIOHM. BoJibiJIHe 
H3MeHeHHH BHOCHT ap,cop6D;HH 6opa B OCTaJibHYIO "l!aCTb OCTpHH. Ap,cop6n;HH 
yBeJIH"tlHBaeT alf>lf>eKTIIBHYIO pa6oTy BbiXOJI,a, yMeHbiJiaH SMHCCHIO H yneJIII"lJHBaH 
SMHCCHIO B n;enTpaJibHOM o6JiaCTH KpHCTaJIJIH"I!eCKOro 6opa. QenTpaJibHbiM (110) 
llOJIIOC (o6hl"£!HO HaHMenee llO,IJ;BepmenHaH 8MIICCHII 06JiaCTb OCTpHH) Tenepb CTa-
HOBHTCH HaH6oJiee HHTeHCHBHbiM. TeJieCHbiM yroJI, nop; KOTOpbiM SJieKTpOHHbiM 
ny"l!OK npoeKTHpyeTCH H3 TaKoro H3Jiy"'laTeJIH, yMeHbiJiaeTCH B 20 pa3 llO cpaB-
HeHHIO c "IIHCTO BOJILif>paMOBbiM SMHTTepoM. BbiJIO noKasano, "'ITO aMHTTepbl ycH-
JinnaroT pa6oTy MnorHx aJieKTpoHHhlX onTH"l!ecKnx npn6opon. Han6oJiee snaliH-
TeJibHO npHMenenn:e 8TIIX H3JiylJaTeJie:ii B paCTpOBOM 3JieKTpOHHOM MHKpOCKOTie, 
r,n;e paspemenne 6oJibiJIIIX aTOMOB ,II;OCTHraeTCH 3aMeHOM HCTOlJHHKOB TepMOaJieK-
TpOHHOM 3MHCCHH IICTOlJHHKaMH XOJIO)J;HOM 3MHC-
CHH [10]. Op;naKo 06bilJHbie IICTO"l!HIIKH XOJIOJI,HOM 
3l\1IICCHH ne BTIOJI.J-re yp,oBJieTBopnTeJibHbl. 8JieKT-
pooTpnn;aTeJibHaH ap,cop6n;IIH, nosnnKarom;aH ns 
OCTaTO"l!HOrO rasa Ha llOBepXHOCTH OCTpHH, 
yBeJIH"lJHBaeT pa6oTy BbiXOJI,a H npHBOfJ,IIT K yMeHb-
IJieHHIO 81\IHCCHH, KaK 3TO 6biJIO TIOKa3aHO panee. 
Bnmn cp,eJiaHbi nonhiTKH yJiyllmHTb o6bilJHblii opn-
-enTnponannhiii no 6asncy SMHTTep ns "l!HCToro 
BOJib<flpaMa H3MeHeHHeM opneHTaD;HH. 8n1 H3Me-
HeHHH 3aKJII01JaJIHCb B nepelf>opMOBKe OCTpHH npH 
()6paTHOM CMem;eHIIH [10] II B HCTIOJib30BaHHH 
npoMemyTo"'lnoro MeTop;a c npnMenenneM Kap6n)J;a 
BOJiblf>paMa [ 11]. Em;e JIY"l!IIIHX pesyJILTaToB Mom-
no )J;06HTbCH npH HCTIOJib30BaHHII 3MHTTepa H3 
6opa, KaK noRasano B nacToHm;eii pa6oTe [12]. 
PaccMoTpHM, nanpnMep, ocTpne aMHTTepa xo-
Jiop,noii 3Mnccnn pann:ycoM 1 X 10 A n c cyMMap-
HbiM TOKOM 1 X 10- 5 a. IJJIOTHOCTb TOKa na ITO-
Puc. 2. CxeMa HcrrapHTeJIH JiqeiiKH RHyp;ceHa ::>Mnccn-
OHHoro MIIKpOCKOIIa 
1 - II:l":(B~J;r:J; IIOTCII~!oiaJia; 2 - BOJibiJpaMOBaff IIO)lJJ;CpmanalO~aR 
IICT.TUI (0,010"); 3 - HOJIJillMaTop; 4 - I'CJIHCBO-,Il;YI'OBOC CBapHOC 
COC).J;I1HCHHC; 5 - OTBCpCTI'IC; 6 - TOHHOCTCHHaR MC)J;Haff Tpy6Ka; 
7 - Y3CJI 3M11TTepa; 8 - BOJib(flpaMOBbiil: IIO,Il;BO)l; (0,060"); 9 -
ano,ll;; 10 - BOJib(flpaMOBbiH KOIPH'IH UpOCKTOpa; 11 - COC).J;HHCHHC 
HCplHaBCIO~aH CTaJib - II11PCKC; 12 - OXJiamp;aeMoe MCJJ;HOC 
HOJib~O; 13- HCpiKaBCIOUJ;aH CTaJib; 14- narpCBaTCJib OTBCp-
CTHH (HC IIOKa3aHo); 1.5 - OXJiaiKJJ;aJOw;aH MCJJ;HaH py6amKa; 16 -
aanammaH aMnyJia H3 cTeHJia )l;JIH BJ 2 
Puc. 3. ,IJ;narpaMMa c!flepnqecKoro aapo.n;hlma KpHcTaJIJia 
B ~eHTpe llOBepXHOCTH OCTpHH 3MHTTepa 
1 - 3MHTTep; 2, 3- 3HBHUOTCH[(HaJibHbiC {co CTpCJIKaMil- CHJIO-
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PHc. 4. AnTopap;norpaMMa HpHcTaJIJHITa 6opa Ha 110 nomoce BOJih<J>paMa 
PH c. 5. AnTopap;HorpaMMa HpHCTaJIJIHTa 6opa Ha 110 nomoce BOJih<J>paMa nocJie p;onoJIHH-
TeJihHOro ocamp;eHHH 
BBpXHOCTH OCTpH.H paBHa 105 a/c.M2. 8TO npn6JIHSI1TBJlbHO B MHJIJIHOH pas 60JiblliB,. 
"'IBM npn TepMoaJieKTpoHHoii: 3MHCCHI1. TeJieCHhiH yroJI Herrpeo6pasoBaHHoro BOJih-
<lJpaMoBoro OCTp11.H, paBHbTH 1 cmep, orrpep;eJI.HBTC.H THIIH""'HbiM CTIBKTpOM XOJIO,IJ;-
HOH 3MHCCHI1, TI03TOMY B 3TOM CJiy""lae TIJIOTHOCTb TOKa Ha B,ll;HH11IJ;Y TBJIBCHOrO· 
yrJia COCTaBJI.HBT 105 a/c.M2· cmep. B TOM CJiy-qae, Korp;a TIOBBpXHOCTb KpHCTaJIJI8l 
6opa COOTBBTCTBYBT TIJIOCKOCTI1 (110), o6JiaCTb 3MHCCI1H Ha TIOBBpXHOCT11 OCTp11.H, 
a TaKFI<e TBJIBCHbJH yroJI HSJIY""'BH11.H 3JIBKTpOHOB YMBHhlllaJOTC.H B 1/20 pasa. 3To-
p;aeT TIJIOTHOCTb TOKa 2 ·106 a/c.M2 11JIH 4 ·107 a/C.M · cmep, T. e. B 400 pas 60JiblliB, 
"'IBM B cJiyqae Henpeo6pasoBaHHoro 3MI1TTepa. B cJiyqae rrpeo6pasoBaHHoro 6o-
poM 3MI1TTepa He TOJibKO YBBJIH""li1BaeTC.H TIJIOTHOCTb TOK3 H yMeHhlllaBTC.H pac-
XO,ll;I1MOCTb IIY""'Ka, HO TaKOH H3JIY""laTeJib 6oJiee YCTOH""'HB np11 BbiCOKHX p;aBJIB-
HH.HX 11 CpaBHHTBJibHO He""lyBCTBI1TBJIBH K 11SMeHeHH.HM, BblSBaHHblM ap;cop6n;11eii 
11S raSOBOH <lJasbi. ,Il;pyr11e BOSMOf-HHblB o6JiaCTH npHMeHeHH.H - MHKpOCBapKa 
3JIBKTpOHHbTM ny""'KOM H M11Kp0331111Cb. ECJII1 Hp11CTaJIJII1T MOHOI<pHCTaJIJIH""'BCKOrO 
6opa MO/-HeT paCTI1, HenpepbiBHO OCaf-H,D;a.HCb Ha OCTp11e, o6pa::JyeTC.H 3MI1CCHOH-
HbiH Cl1BKTp MOHOKp11CTaJIJia 6opa C C06CTBeiHIOH C11MMeTp11BH (p11c. 5). 0""leBH,D;HO, 
KpHCTaJIJI 6opa B JieBOH ""laCTI1 o6pasn;a HB liMBeT 3III1TaKCHaJibHOH CB.HSH C Jie-
FI<arn;eii: HHf-KB BOJib<lJpaMOBOH TIO,ll;JIOlliKOH; p.Hp; TeMHbiX TI.HTBH He CB.HSaH C 11.HT-
H3MH OT 110,D;JIOFI<KH. ilpaBa.H 110JIOBHHa MHKpOCHI1MKa TIOKaSblBaeT ap;cop6D;HI() 
6opa B HanpaBJieHHH K (111) BHIJ;11HaJII1.HM, a He H o6'heMnoii: ¢ase 6opa. XapaK-
TepHhiM ,IJ;JIH ap;cop6D;1111 TIO,ll;MOHOCJIOH 6opa .HBJIHBTC.H H3Jll1""111e Tpex TBMHbiX 
(233) 11JIOCKOCTeii:, CI1MMBTpH""'HO paCTIOJIOFI<BHHbTX BOKpyr ( 111). 
MeTO,ll; BbipaiiJ;11BaHI1.H Kp11CTaJIJia 6opa Ha BOJib<lJpaMe ,IJ;JI.H 11CCJIBAOBaHn:ii 
XOJIO,IJ;HOH 3MI1CCI111 6opa .HBJI.HBTC.H MI-IOroo6ern;aiOIIJ;I1M. C TIOMOIIJ;biO 3TOrO MBTO,D;a 
paspemaiOTC.H npo6JIBMhi IIp011SBO,ll;CTBa OCTpH.H 3M11TTepa 11S 6opa. 
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HEKOTOPhiE MEXAHHqECKHE CBOHCTBA KPIICTAJIJIOB 
~-POMB03,[J;PJiqECKOrO BOPA 
r. B. Il..AJ'APEfiillBIIJUI, A. r. XBE)];EJIH)];3E, r. B. BEPElRIWBA, B. r. rOBOPKOB, 
H. H. BOfiHOBA 
Hncmumym MemaJtJtypeuu AH rCCP U.M. 50-JtemuR. CCCP, T6UJtUCU 
Hncmumym npucmaJtJtoeparj}uu u.M. A. B. illy6nu1>oea AH CCCP, M ocnea 
MoHoKpiicTaJIJihi ~-poMoo ;::,p;pii'IecKoro 6opa ooJia,a;aroT ymmaJibHbiM KoM-
nJiei-\.COM <f>II3II'leCKIIX CBOHCTB, HHTepeCHbiX Kai-\. C nayqHOH, TaK II C rrpaKTII'le-
·CKOH TO'leK speHIUI. B HacTo.suu;ee BpeMH nmpoKo IIsy'laiOTCH aJieKTpo<f>IIsH'le-
·CKMe cBoiicTBa aTIIX I-\.piicTaJIJIOB, o,a;HaKo cBep;eHIIH o6 IIX MexaHII'leCKIIx cBoii-
CTBax npar-\.TII'leCKII OTCYTCTBYIOT, ocooeHHO no IIJiaCTII'lHOCTil B OOJiaCTII BblCO-
KIIX Te:tVIIIepaTyp. l13y'leHIIe MeXaHII'leCKIIX CBOHCTB oopa npep;CTaB JIHeT IIHTepec, 
TaK KaK Ha3peJia HeOOXO,[l;llMOCTb B IIOJiy'leHIIII TaKIIX CBep;eHIIH, IIOCKOJibKY 
RpHCTaJIJibl 6opa Haxop;HT Bee ooJihruee rrpaKTII'lecKoe rrpMMeiieHIIe. RpoMe Toro, 
MexaHM'leCKIIe CBOMCTBa HBJIHIOTCH CTPYKTypno-'lyBCTBIITeJihHbiMII CBOMCTBaMII, 
T. e. 9TH CBOMCTBa 3aBIICHT KaK OT pa3JIII'lHOro TIIIIa p;e<f>eKTOB perueTKH (op;HO-
MepHbiX, ,[l;ByMepi-IbiX II TpexMepHhlX), TaK II OT TIIIIa CBH3Il aTOMOB, OopasyiOIIJ;IIX 
perueTKy. J.iisBeCTHO, 'ITO xpyiiKOCTb RpiiCTaJIJIOB B03pacTaeT C yBeJIII'leHMel\I 
AOJIII 1-\.0BaJie.HTHOCTil B XIIMII'leCKOM CBH3Il. 1\.piiCTaJIJihl ~-oopa - BeCbMa IIH-
TepeCHhle OO~eKThl ,[l;JIH llCCJie,[l;OBaHHH MeXaHII'leCKIIX CBOMCTB, IIOCKOJibKY OHil 
OOJiap;aiOT KOBaJieHTHhiM TIIIIOM CBH31I. Ilpii'Iel\I 9Ta CBH3b B ~-oope HBJIHeTCH 
CBOeo6pa3HOM BCJie,[l;CTBIIe 9JieKTpOHHO-p;eqmiJ;HTHOH IIpiipO,[l;bl IIKOCaap;pa -
ocHOBHoro CTPYKTypHoro aJieMeHTa ero pemeTKH [1]. 
HaMM 6nma H3y'leHa MHKpoTBep,a;oCTb 6opa B saBHCIIMOCTII OT TeMrrepaTypnr 
B BaKyyMe Ha ycTaHOBKe J.iiMAill-9-66 B HHTepBaJie TeMrrepaTyp OT KOMHaTHOH 
AO 900° C. ,Il;JIH IICIIhiTaHHii rrpHMeHHJIH oopasu;nr RBap;paTHoro ce'!eHIIH 2 X 2 .MM 
II ,[l;JIHHOH 20 MM, KOTOpbie BbiiiJiaBJIHJIII B rHe3p;e, C,[l;eJiaHHOM B HarpeBaeMOH 
'!aCTII cTaH,a;apTHoro cTaJibHoro o6pas11.a. BepxHHH paoo'laH rroBepxHOCTh uc-
cJiep;yeMoro o6paa11.a npeACTaBJI.siJia MeTaJIJiorpa<f>JiqecKHH mJiu<P. Bee HarpyaKH 
200 F, BpeMH HH,[l;eHTHpOBaHHH 15 CeK. 
Ha pHc. 1 npHBe,a;eHa KpHBaH TeMnepaTypHoil 3aBIICHMOCTII MHKpoTBep,a;ocTH 
aoHHOnJiaBJieHHoro 6opa. MuKpoTBep,a;ocTb 6opa oT KOMHaTHo:i.f ,a;o 900° C Me-
HHeTCH oT 3100 ,a;o 1700 KF/MM2 cooTBeTCTBeHHO. B pailoHe 300° C Ha KpHBoil 
HMeeTCH ITJIOID;aAKa. 
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